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3,520,617
POLARIMETER FOR TRANSIENT MEASUREMENT
James E. Webb, Administrator of the National Aero-
nautics and Space Administration, with respect to an
invention of Alan R. Johnston, Los Angeles, Calif.
Filed Feb, 15, 1967, Ser. No. 617,021
‘ Int. Cl. GO1n 21/44
U.S. CL 356117 5 Claims

ABSTRACT OF THE DISCLOSURE

A polarimeter capable of measuring transient bire-
fringence changes in electro-optic materials on a nano-
second time scale, without the requirement for manual
‘analyzer adjustment. An optical assembly is employed by
means of 'which light polarized in a first plane is trans-
mitted through the test material and a quarter wave plate.
The output is light polarized in a plane rotated about
the first plane by an angle, proportional to the transient
:birefringence changes. The output of a photomultiplier,
which responds to the output light intensity of the po-
larimeter, is sampled at specific times, measured from the
Jeading edges of field pulses applied to the material. The
.samples are used to produce an average error signal, used
to drive a Faraday cell, forming part of a feed-back loop,
such that the transient birefringence changes could be
.measured in terms of Faraday-cell current.

‘The invention described herein was made in .the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958, Public Law 85-568
(72.Stat. 435; 42 USC 2457).

BACKGROUND OF THE INVENTION
Field of the invention

This invention relates to an apparatus for measuring
optical phenomena and, more particularly, to an appara-
tus for measuring physical phenomena which are repre-
_sented by changes in angle of polarization of light.

Description of the prior art

A polarimeter is in instrument for ascertaining the
:state of polarized light, or for studying the effects of
-various forces or materials upon light of known polariza-
tion. It ordinarily consists of a polarizing member, which
renders common light plane polarized in any desired
azimuth, and an analyzer for identifying the character
of the polarized light. Between the polarizer and analyzer,
.means are provided for mounting objects such as crystals,
whose effects upon the polarized light is to be deter-
mined.

One prior art polarimeter is disclosed in Pat. No.
3,157,727, issued to-Hardy et al. on Nov. 17, 1964, Basi-
-cally, the Hardy polarimeter includes a light source, a
polarizer, an analyzer, a photomultiplier with its asso-
ciated amplifier, a cathode ray oscilloscope, an oscillator
~and a Faraday cell. Light from the source is directed to
a sample through the polarizer, and therefrom to the
photomultiplier through the Faraday cell and the ana-
‘lyzer. The Faraday cell is driven by the oscillator such
.that an accurate average value of the direction of the
plane of polarization of light incident upon the analyzer
‘is' determined. The Faraday cell, driven by the oscilla-
tor, periodically varies the plane of polarization. The
-photomultiplier which is located adjacent the analyzer
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is responsive to the periodically varying light passed by
the analyzer. The amplitude of the first harmonic of the
‘photomultiplier output signal and the relative phase of the
photomultiplier output and the oscillator output are dis-
played on the oscilloscope. By manually adjusting the
analyzer, it is possible to reduce the fundamental com-
ponent of the photomultiplier output signal to zero. The
degree or extent to which the analyzer has to be posi-
tioned to eliminate the fundamental component of the
photomultiplier output signal is directly related to -the
effect of the crystal on the polarized light passing there-
through.

Thus, one of the basic features of the Hardy polarim-
eter is the requirement for analyzer adjustment, which in
Pat. No. 3,157,727, is assumed to be accomplished manu-
ally. Due to such adjustments, the Hardy polarimeter is
too slow to measure transients or rapidly changing po-
larization shifts. Like the Hardy device, most other prior
art polarimeters are based on analzer adjustments, lim-
iting their use to constant or slowly changing polariza-
tion shifts which are slow enough for an operator to:ad-
just the analzer. Some polarimeters employ a photomulti-
plier in conjunction with a servo system to adjust the
analyzer. However, even such arrangements, have been
found to be unsatisfactory, when attempting to measure
sufficiently fast transients or rapidly changing polariza-
tion shifts.

OBJECTS AND SUMMARY OF THE INVENTION

It is therefore, a primary object of the present inven-
tion, to provide a new polarimeter.

Another object of the present invention is to provide
a polarimeter for accurately measuring transients or rap-
.idly changing polarization shifts.

A further object of the present invention is to provide
a novel polarimeter, which is not based for its operation
on the physical change of an analyzer to produce a null
signal.

A further object of the present invention is to provide
a novel polarimeter with a fixedly positioned analyzer.

Still a further object of the present invention is to pro-
vide a polarimeter with a fixedly positioned analyzer to
measure transients or rapidly changing polarization
shifts, in which compensating signals are generated by
means other than changing the actual physical position of
the analyzer.

Yet, a further object is to provide a polarimeter em-
ploying the principles of negative feed-back control, such
that accurate measurement of polarization shifts is pos-
sible without accurate knowledge of light source intensity
or photodetector gain.

These and other objects of the invention are achieved
by providing a polarimeter, which includes a polarizer
which polarizes light from a light source into an original
plane of polarization, and a means for supporting a ma-
terial such as a crystal, whose effect on polarized light
is to be determined. A quarter-wave plate is positioned
in the light path so that the plane of polarization of the
light out of the plate, is rotated from the original plane
by an angle which is a function of the effect of the
crystal on the polarized light.

The light from the plate passes to a fixedly positioned
analyzer, .through a Faraday cell. The light from the
analyzer is directed to a photomultiplier. The analyzer
is fixedly positioned, so that the change of photomulti-
plier output is linearly proportional to a change in the
angle at which the plane of polarization of the light from
the quarter-plate is rotated away from the original plane.



The photomultiplier ocutput is electronically sampled in
phase with a periodically varied influence on the polar-
ized light, for example a retardation induced in the crystal
by a periodically changing voltage. The sampled output
is passed through a low pass filter, resulting in a DC
(direct current) or slowly varying signal representing the
optical state existing at the instant of sampling. In addi-
tion, the invention includes a feed-back loop in which
changes in retardation caused by the crystal, are balanced
against the feedback inputs introduced with the Faraday
cell. Thus, by measuring or monitoring the current sup-
plied to the Faraday cell, the angle at which the plane
of polarization of light from the quarter-wave plate is
rotated about the original plane may be determined.
Therefrom the retardation provided by the crystal as a
function of the voltage periodically applied thereto may
be directly ascertained.

The novel features that are considered characteristic
of this invention are set forth with particularity in the
appended claims. The invention itself, both as to its
organization and method of operation, as well as addi-
tional objects and advantages thereof, will best be under-
stood from the following description when read in con-
nection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of the optics of the
polarimeter of the invention;

FIG. 1(a) is a schematic diagram of the relationship
between two crystals, positioned to minimize their spon-
taneous birefringence;

FIG. 2 is a block diagram of one embodiment of the
invention;

FIG. 3 is a waveform type diagram; and

FIG. 4 is a schematic diagram of the optics of another
embodiment of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Reference is now made to FIG. 1, which is a diagram
of the optics of the polarimeter of the present invention,
shown including a light source 10, directing light to a
polarizer 12, The function of the polarizer is to polarize
the light into a reference plane, hereafter also referred
to as the original plane. The polarized light passes
through matter, such as a crystal 15, whose effect on the
polarized light is to be measured when the crystal is sub-
jected to transient physical phenomena, such as the appli-
cation of a periodically varying voltage.

Such a voltage causes the crystal to retard the polar-
ized light passing therethrough. The total retardation is
designated 6. The light from the crystal is directed to a
quarter-wave (A/4) plate 16, which reconverts the light
from the crystal 15 to linearly polarized light, but in a
plane which is proportional to the total retardation intro-
duced by the crystal. §=145, Thus, by measuring 6 the
total retardation & could be determined therefrom.

The portion of the polarimeter thus far described, may
be thought of as an arrangement providing linearly polar-
ized light in a plane rotated by angle ¢ from a reference
plane, where ¢ equals %29, & being the retardation pro-
duced by the crystal 15. In practice, two crystal speci-
mens are introduced to compensate for their large spon-
taneous birefringence. The relative orientation of the two
crystals is diagrammed in FIG. 1(a) in which the crys-
tals are desigrated by numerals 15z and 1551t should be
pointed out however, that the voltage is applied only to
one of the crystals.

The polarized light from the plate 16 is directed to a
Faraday cell 18 and therefrom to a photomultiplier 26
through an analyzer 22. As is appreciated by those
familiar with the art, a Faraday cell is a device which
rotates the plane of polarized light as a function of the
electromagnetic field provided, thereby, which is in turn
a function of the current supplied thereto. Hereafter, in
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the specification as well as in the appended claims, the
term Faraday cell is assumed to refer to any device hav-
ing such characteristics. In FIG. 1 let « designate the
angle of rotation of the plane of polarized light produced
by the cell. The plane of polarization at the analyzer 22
may be thought of as being rotated from the original
plane by an angle g, where f=0—e.

The analyzer 22 is initially adjusted or rotated through
an arbitrary angle ¢ from the mull position, observed
without any potential field or voltage applied to the crystal
15 in order to obtain a wariation of the light intensity
at photomultiplier 20 which is linearly proportional to
the change in angular orientation of the plane of polariza-
tion. :

The light intensity transmitted through the analyzer 22
to photomultiplier 26 may be expressed as:

I=Iy sin? (f—9)

where g is the instantaneous orientation of the plane of

polarization, measured from the null, and ¢ is the fixed

offset of the analyzer and I, is the average DC light

level. Differentiating the above expression, assuming ¢

small .
Al=—2I,pAB

It is thus seen that a small change in the orientation
of the light incident on the analyzer AB, produces a
proportional change in the light level, i.e. Al at the photo-
multiplier 20.

In accordance with the teachings of the invention which
may best be explained in conjunction with FIG. 2, the
output of photomultiplier 20 is supplied to a sampling
oscilloscope 25, whose external trigger input (BEXT-
TRIG) is connected to the output of a timing circuit 26.
A pulsing circuit or pulser 3¢ is connected to both circuit
26 and crystal 15. In FIG. 2, the ports within the dotted
line are those diagrammed in FIG. 1. The photomulti-
plier 20 and oscilloscope 25 have a fast response so that
they faithfully follow fast changes in light intensity.
Pulser 30 is of the type capable of delivering pulses of up
to several hundred volts in amplitude at a selected pulse
repetition rate. In one application, a mercury switch was
employed delivering 500 volt pulses at a rate of 500 pulses
per second (p.p.s.). The pulse duration was chosen to be
100 nanoseconds (ns.). The output of pulser 30 is di-
agrammed in line a of FIG. 3, which is a waveform type
diagram, useful in explaining the invention. In FIG. 3,
the width of each pulse is greatly exaggerated in order to
be visible. The actual voltage amplitude is chosen to pro-
duce a desired angular rotation, typically one or more
degrees.

The timing circuit 26 responds to each pulse from pulser
30 to provide two identical trigger pulses which are used
to trigger the oscilloscope. These are diagrammed on line
b of FIG. 3.

The first trigger pulse occurs as close as possible to
the start of each high voltage pulse from pulser 30. The
second trigger pulse provided by timing circuit 26 occurs
at a fixed time after the first trigger pulse, such that it lies
midway between consecutive high voltage pulses. The
second trigger pulse occurs when there is no voltage ap-
plied to the crystal 15,

The output of photomultiplier 2¢ is sampled at time T,
measured from the leading edge of each high voltage
pulse or the first trigger pulse produced coincidentally
therewith. The time T, is manually controllable by man-
uwally controlling the internal sweep circuit of the oscillo-
scope 25. The sampling times of oscilloscope 25 are di-
agrammed by vertical arrows in a line ¢ of FIG. 3. As
seen therefrom, the oscilloscope in addition to sampling
the output of the photomultiplier at a time Ty after the
leading edge of the high voltage pulse supplied to the
crystal, is also triggered midway between the pulses when
no voliage is applied to the crystal.

Basically, the oscilloscope samples the output voltage
of the photomultiplier 2§ near the time when the high
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voltage pulse is supplied to the crystal. It then helds or
provides this fixed voltage at its y output until the second
trigger pulse is supplied -thereto from the timing circuit
26. The -y output thereof then changes and holds a voltage
proportional to the photomultiplier output at such sam-
pling time, which occurs Ty after a time mldway between
high voltage pulses to the crystal

The output of the oscxlloscope dlagrammed in line d
of FIG. 3, may be seen to comprise of a noisy audlqmgngl

‘which.is in phase with the high voltage pulses from pulser

Tt

30. The average amplitude of this noisy audio signal.is -

-a measure' of .the difference between the light level exist-
ing at time T after a high voltage pulse is supplied to
the crystal and -at an intermediate time -when the effect
of the voltage pulse on the crystal is no longer. present.
In line d.of FIG. 3, the magnitude of this signal part con-
tributed to the audio signal is greatly exaggerated. Actu-
.ally,.the noise greatly dominates the audio signal.

To -eliminate the effect .of the noise, conventional de-
.modulation, followed by an integrator to reject noise
and provide a large ‘DC loop .gain and remodulation
techniques are used to obtain a current with which the
Faraday cell 18 is driven to rotate the plane .of polariza-
tion by an angle .«, .substantially equal to the -angle ¢
and thereby provide a measure of the retardation caused
by.the crystal. That is, the audio signal from the oscillo-
scope -is first. demodulated, with the output then being
integrated over a sufficiently Jong period to reject the
effect of .the noise. The integrated output is then.remod-
ulated to provide an AC signal .which is amplified and
-thereafter supplied to the Faraday cell. The magmtude
of the AC current supplied to the Faraday cell is elec-
tromcally automatxcally adjusted in response to the large
total gain in such a feed-back loop, to yield at time T
after a high voltage pulse is supplied to the crystal the
.same light level at the photomultiplier as at a time when
_the crystal is undisturbed by a high voltage pulse.

Referring again to FIG. 2, therein-the y output of the
oscilloscope 25.is:shown connected.to a-demodulator 32,
whose output is connected to-an integrator 34. Integrator
34 is-in turn connected to a modulator 36, whose output
is connected to a power amplifier -38, whose current out-
sput is shown connected to the Faraday cell 18. The cur-
rent from power amplifier 38 is also supplied to. a peak-
-to-peak meter :40, the . function of .which is:to monitor
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:the. current-supplied by .the .amplifier 38 to.the Faraday °

.cell .18, Quantitive -determination of the. .retardation :in-
duced in the crystal is obtained by calibrating the Faraday
.cell, and. measuring: the peak amplitude of  this drive cur-
rent necessary. for the angle of rotation « produced by.the

50

:cell to equal the angle of rotation ¢ which in turn is equal -

:to V4 the total retardation & of the crystal produced by the
.high voltage pulses. The gains in the loop are large enough
so that the Faraday cell calibration is the only parameter
that need be known in order to measure the retardation
3. The current supplied to the cell is diagrammed in line
¢ of FIG. 3.

As_seen from FIG. 2, the polarimeter of the present
invention may further include a:flip-flop 42, responding
to the trigger pulses:from"timing-circuit ‘26, to provide
a-reference signal-to. demodulator 32-and modulator: 36,
with the necessary -phase relationship to the trigger:pulses.

‘The foregoing description of the invention may be sum-
marized. by considering the sampling: oscilloscope 25 as
-an. error sensor and. the Faraday cell as a feed-back ele-
ment forming part of a feed-back loop. The sampling
joscilloscope: is triggered. alternately, first.at the time that
a high voltage pulse is applied to the crystal 15, and
then midway between pulses. If a difference in light level
at the photomultiplier; 20 exists between these two times,
the output of the oscillator 25 will change from one level
to the other, alternately producing an AC signal. The
-amplitude of. this signal represents the difference in light
Jevel .at. these two times, and. therefore. also represents
the angular rotation of the plane of polarization between
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sampling times, caused by the retardation (&) of
crystal 15.

In simplest terms, the oscilloscope .output may be
though of as being amplified and used to drive the
Faraday cell. The amplitude of the alternating rotation
produced by the Faraday cell, is subtracted from that
produced by the induced retardation of the crystal and is
Jautomatically adjusted by the feed-back Joop, which con-
sists of demodulator 32, integrator 34, modulator 36 and
power amplifier 38, so that the intensity differences seen
by the photomultiplier at these two times is zero. This
means, that the rotation produced by the Faraday cell,
designated in FIG. 1 by «, must be equal to the angle of
rotation ¢ from the quarter-wave plate 16, which in turn
is equal to 14 the total retardation § produced by the
crystal. Thus, by.quantitatively measuring the current sup-
plied to the Faraday cell 38, and therefrom by means of
the calibration curves of the cell, knowing the angle of
rotation o produced by the Faraday cell, the retardation
of the crystal may be determined. As is appreciated,
maximum deflection of the plane of polarization by the
Faraday cell, occurs with alternating sign at each sampling
time.

In practice, the sampling time T, is manually con-
trollable by the external sweep input of the oscilloscope
25. Thus, by changing the sampling time, the retardation
in crystal 15 at given instances after the leading edge of
each of the high voltage pulses may “be carefully and
accurately determined. The time period over which the
output of the demodulator 32 must be integrated to ob-
tain an acceptable noise level may be controlled by the
selection of a capacitor in integrator 34. It should also be
pointed out that the oscilloscope 25 is used as an elec-

tromic circuit ‘having an internal time delay circuit and

means for externally triggering it, rather than in the con-
ventional sense as a display device with its cathode ray
tube. It should further be pointed out, that in the polarim-
eter of the present invention, the amalyzer 22 once posi-
tioned, remains fixedly positioned during all measure-
ments, since the desired measurements are electronically
raccomplished, rather than by manual adjustment of -the
analyzer, as is required by the polarimeters of the prior

art.

The polarimeter may further include an x~y plotter 45
to which is supplied the x output of the oscilloscope 25
and the output of the meter 40 in order to plot the meter
output, versus the instant of sampling f; after the applica-
tion of a trigger pulse to the scope. Since the meter out-
put s related to « which is automatically adjusted to

‘equal ¢, the latter being in turn equal to 343, the plot
‘represents-a graph of total retardation 3, versus Tg.

In tests actually performed with a polarimeter of the
present invention it has been found that the response time
of the measurement is limited by the rise time of the
photomultiplier 20 to a step function of light. This -rise
time is about 5 nanoseconds. However, with faster photo-

‘detectors, the response time of the measurement may be

reduced to as low as 0.5 nanosecond.
‘Herebefore, the invention has been described in con-

junction with a polarimeter for determining changes in
Tetardation measured with respect to- fixed axes of the
crystal 15. However, the teachings disclosed herein may

be extended to measure angular change in birefringent
axes in a crystal with slight modifications. Briefly, if the

‘technique for observing transient retardation derived

from rotating the analyzer to obtain a null, the measure-
ment of angular change of birefringent axes may be
derived-by rotating the crystal itself to achieve a null,
with two Faraday cells used to generate an equivalent
rotation of the crystal placed between them. )

Such an optical arrangement ‘is shown in FIG. 4 to
which reference ‘is made herein. Basically, a polarizer
50 polarizes-light from a source (not shown) in-selected
plane of reference. The ‘light transmitted through an
analyzer 52 is directed to a photomultiplier (not shown)
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like photomultiplier 26 which is sampled as herebefore
described. Between the polarizer 50 and analyzer 52 is
located crystal 55 whose axes form an angle with respect
to the original plane of polarization established by
polarizer 56. A voltage puise applied with appropriate
electrodes to the crystal induces an additional change
in ‘the orientation of its optic axes, Ay. Two Faraday
cells 56 and 57 are placed on opposite sides of the crystal.
~“The two cells receive alternating current signals' of
opposite polarities, designated i; and —i;. The signals
are supplied from a power amplifier, such as amplifier
38 (FIG. 2) through appropriate circuitry to reverse
the polarity of the signals supplied to one cell with re-
spect to those supplied to the other. By measuring the
peak-to-peak signals supplied to one of the cells, the
angular change in the birefringent axes, Ay is deter~
mined. "~

It should be pointed out that although in the foregoing
the polarimeter of the invention has been described as
one for determining electro-optical properties, it need
not be limited thereto. Rather, the teachings may be em-
ployed to measure any phenomenon which can be trans-
lated into light polarized in a plane, rotated from a ref-
erence plane, by an angle Wthh 1s a function of the
phenomenon to be measured.

‘There has accordingly been shown_and described here-
in, a novel polarimeter for measuring transient bire-
fringence changes in materials at a very fast response. All
optical parts once initially aligned remain fixedly posi-
tioned since all adjustments are automatically performed
by means of a closed loop feed-back arrangement, It is
appreciated that those familiar with the art may make
modifications and/or substitute equivalents without de-
parting from the spirit of the invention. Therefore, all
such modifications are deemed to fall within the scope
of the invention as defined in the appended claims.

What is claimed:

1. A polarimeter comprising:

a source of light polarized in a reference plane;

an analyzer having an axis of polarization fixedly posi-
tioned with its axis rotated through a selected angle
with respect to said reference plane;

a Faraday cell placed between said analyzer and said
source;

support means adapted to support matter whose effect
on polarized light is to be determined between said
Faraday cell and said source;

a quarter-wave plate positioned between said support
means and said cell for converting the effect of said
matter on polarized light into light polarized in g
plane rotated from said reference plane by an angle
which is related to the effect of the matter on the
polarized light from said source;

pulsing means for subjecting said matter to transient
physical phenomenon; and

output means responsive to the light transmitted through
said analyzer for controlling said Faraday cell to
rotate the light passing therethrough whereby the
light transmitted through said analyzer is substan-
tially constant, said output means including light
sampling means responsive to light transmitted
through said analyzer at selected sampling times
during said transient physical phenomena and there-
between ‘to provide an -error signal, means for con-
verting said error signal into an alternating current
signal . and for supplying said  alternating current
signal to said Faraday cell, and means for determin-
ing the amplitude of said alternating current signal.

2. The polarimeter as recited in claim 1 wherein said
matter is a crystal having electro-optical characteristics
and said pulsing means provide a sequence of voltage
pulses at a selected rate to which said crystal is subjected,
each pulse having a duration of less than one micro-
second, said polarimeter further including means respon-
sive to each voltage pulse for generating a first trigger
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pulse in response thereto and a second trigger pulse be-
tween successive voltage pulses; and

means for actuating said light sampling means with
said first and second trigger pulses to sample the
light at selected intervals after said first and second
trigger pulses are supplied to said light sampling
means.

3. ‘A polarimeter for measuring the retardation effect
on polarized light induced by a crystal of matter when
subjected to transient periodically changing voltage com-
prising:

a source of llght polarized in a first plane of reference;

a Faraday cell in the path of said polarized light;

means adapted to support a crystal of matter between
said source and said cell, said crystal being of the
type retarding the polarized light as a function of
voltage pulses applied ‘thereto;

a quarter-wave plate. positioned between said crystal
and said Faraday cell for converting the light re-
tarded by said crystal to light polarized in a plane
rotated through an angle ¢ from said first plane, ¢
being equal to one-half the retardation of said light
by said crystal;

photomultiplier means for providing an output propor-
tional to light incident thereto;

an analyzer having an axis of polarization fixedly posi-
tioned between said cell and said photomultiplier
means, whereby the change of output of said photo-
multiplier means is substantially linearly proportional
to the change in 6; :

pulsing means for successively applying voltage pulses
to said crystal; and

output means defining a feed-back loop responsive to
the outputs of said photomultiplier means at selected
intervals after the leading edge of each voltage pulse
and midpoint between successive voltage pulses for
providing an- averaged error signal and for con-
trolling said cell with signals related to said averaged
‘error signal, whereby said cell rotates the plane of
polarization of the light passing thereto by an angle
substantially ‘equal to ¢, so that the output of said
- ‘photomultiplier ‘means is substantlally constant.

4. The polarimeter as recited in claim 3 wherein said
output means includes a timing circuit responsive to each
voltage pulse for generating a first trigger pulse substan-
tially coincidental therewith and a second trigger pulse
substantially midpoint between successive voltage pulses,
and means utilizing said first and second trigger pulses to
sample the output of said photomultiplier means at ad-
justably selected intervals after said first and second trig-
ger pulses, whereby successive samples of the output of
said photomultiplier means represent outputs when said
crystal is subjected to a voltage pulse and between voltage
pulses.

5. The polarimeter as recited in claim 4 wherein said
output means include a demodulator responsive to the
sampled outputs of said photomultiplier means;

means for integrating the output of said demodulator
to provide an averaged error signal;

modulating means for providing an alternating cur-
rent signal of a frequency related to the rate of said
voltage pulses and of an amplitude which is a func-
tion of ‘the amplitude of said averaged error signal;

means for energizing said cell with said alternating
current signal; and

means for monitoring the amplitude of said alternatmg
current signai.
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